Multiple host molecules are known to be involved in the cellular entry of filoviruses, including Ebola virus (EBOV); T-cell immunoglobulin and mucin domain 1 (TIM-1) and Niemann-Pick C1 (NPC1) have been identified as attachment and fusion receptors, respectively. However, the molecular mechanisms underlying the entry process have not been fully understood. We found that TIM-1 and NPC1 colocalized and interacted in the intracellular vesicles where EBOV glycoprotein (GP)-mediated membrane fusion occurred. Interestingly, a TIM-1-specific monoclonal antibody (MAb), M224/1, prevented GP-mediated membrane fusion and also interfered with the binding of TIM-1 to NPC1, suggesting that the interaction between TIM-1 and NPC1 is important for filovirus membrane fusion. Moreover, MAb M224/1 efficiently inhibited the cellular entry of viruses from all known filovirus species. These data suggest a novel mechanism underlying filovirus membrane fusion and provide a potential cellular target for antiviral compounds that can be universally used against filovirus infections.
number of N-and O-linked glycosylation sites (7) (8) (9) (10) (11) (12) (13) . Infection is initiated by binding of GP to attachment factors, such as C-type lectins, followed by internalization of the virus particle into endosomes via macropinocytosis (14) (15) (16) . Vesicles containing virus particles mature to late endosomes and/or lysosomes, in which low pH leads to proteolytic processing of GPs by cysteine proteases, such as cathepsins (17) (18) (19) . Although the initiation of the conformational change in GP leading to membrane fusion is not fully understood, it has been suggested that the proteolytically digested GP exposes the putative receptor-binding region, which then interacts with the NPC1 (Niemann-Pick C1) molecule. NPC1 is a large cholesterol transporter protein that localizes in late endosomes and lysosomes (20) (21) (22) and has been shown to serve as a fusion receptor for filovirus entry (23) (24) (25) .
TIM-1 (T-cell immunoglobulin and mucin domain 1) was identified as a filovirus receptor candidate using a bioinformatics approach by performing correlation analysis between gene expression profiles of cells and their permissiveness to viral infection (26) . It has been demonstrated that TIM-1 directly interacts with phosphatidylserine (PtdSer) on the viral envelope, suggesting that this molecule is important for the GP-independent attachment of viral particles to cells (27) (28) (29) . TIM-1 and related PtdSer-binding proteins, such as TIM-4 and Axl (a receptor tyrosine kinase), have subsequently been shown to promote infection of several different enveloped viruses in a manner independent of specific receptor recognition by their envelope glycoproteins (27) (28) (29) . However, TIM-1 contributes in different ways to virus infection: for filoviruses, alphaviruses, flaviviruses, and arenaviruses, TIM-1 enhances infection, whereas for Lassa virus, herpes simplex virus 1, influenza A virus (H7N1), and severe acute respiratory syndrome (SARS) coronavirus it does not (27, 28, 30) .
These cellular attachment factors show distinct expression patterns, depending on the tissue or cell type. Filovirus infection of primary target cells, such as monocytes, macrophages, dendritic cells, hepatocytes, and endothelial cells (31) , is likely dependent on the expression of C-type lectins, whereas infection of other cell types later in infection (32) seems to rely on multiple attachment factors. However, NPC1 is required for infection and is ubiquitously expressed. To better understand filovirus entry into cells, we used a monoclonal antibody (MAb), M224/1, against TIM-1 that efficiently inhibited filovirus infection of highly susceptible Vero E6 cells. Interestingly, MAb M224/1 primarily prevented membrane fusion rather than virus attachment. In this study, we demonstrate that the interaction between TIM-1 and NPC1 is important for filovirus entry, suggesting that this interaction could be a novel cellular target for antiviral strategies.
MATERIALS AND METHODS
Viruses and cells. EBOV (Mayinga), SUDV (Boniface), TAFV (Taï Forest), BDBV (Bundibugyo), RESV (Pennsylvania), MARV (Angola), and vesicular stomatitis virus (VSV) (Indiana serotype) were propagated on Vero E6 cells and stored at Ϫ80°C. All infectious work with filoviruses was performed in the biosafety level 4 laboratories at the Integrated Research Facility of the Rocky Mountain Laboratories, Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Hamilton, MT.
Replication-incompetent pseudotyped VSVs containing the green fluorescent protein (GFP) and luciferase genes instead of the VSV G gene were produced as described previously (5, 33) . Infectivities of VSV bearing filovirus GPs or VSV G were determined by counting the number of Vero E6 cells expressing GFP under a fluorescence microscope or by measuring luciferase activity in infected cell lysates using a luciferase assay kit (Promega).
Human embryonic kidney 293T cells, African green monkey kidney Vero E6 cells, and human leukemic Jurkat T cells from the repository of our laboratory were used for virus infection and host protein expression. 293T-derived Platinum-GP (Plat-GP) cells (Cell Biolabs) were used for the production of retrovirus vectors. 293T, Plat-GP, and Vero E6 cells were grown in Dulbecco's modified Eagle's medium (DMEM). Jurkat T cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium. Both media were supplemented with 10% fetal calf serum (FCS) and penicillin-streptomycin.
Generation of M224/1 and virus entry-inhibition assays. Five-weekold female BALB/c mice (Japan SLC) were immunized via the intraperitoneal route with formalin-fixed Vero E6 cells. Subsequently, splenocytes were fused with B-cell myeloma cells according to standard procedures (34) . Hybridomas were then screened for the ability of secreted MAbs to inhibit the infection of VSV pseudotyped with EBOV GP in Vero E6 cells. MAb M224/1 was obtained screening approximately 1,000 different clones. We confirmed that this antibody did not bind to EBOV GP in immunoblotting and enzyme-linked immunosorbent assays (data not shown). MAb M224/1 and a control MAb (anti-influenza virus hemagglutinin [HA]-IgG1, WZ83 59-6-1, from the repository of our laboratory) were purified from mouse ascites using the Affi-Gel protein A MAPS II kit (Bio-Rad). MAb M224/1 was cleaved with papain, and its Fab fragments were purified using a protein G separation column (ImmunoPure Fab preparation kit; Pierce). To evaluate the inhibitory effect of MAb M224/1 on virus infection, Vero E6 cells were pretreated with MAb M224/1 or its Fab fragments for 30 min at 37°C and then infected with filoviruses, VSV, or pseudotyped VSVs at a multiplicity of infection (MOI) of 0.02 to 0.04 in the presence of the antibody. After incubation for 24 to 48 h, cells infected with filoviruses were fixed and stained with a mixture of anti-GP (anti-EBOV 42/3.7 or anti-MARV FS0505) (35, 36) and anti-NP (anti-EBOV 74/7 or anti-MARV FS0609) (37, 38) as primary antibodies and antimouse IgG-Alexa Fluor 488 (A11029; Invitrogen) and anti-rabbit IgGAlexa Fluor 488 (A11034; Invitrogen) as secondary antibodies. Cells infected with VSV were fixed 8 h postinfection and stained with a mixture of anti-VSV G(N)1-9 (33) and anti-VSV M 195-2 (12) as primary antibodies, and anti-mouse IgG-Alexa Fluor 488 (A11029; Invitrogen) as the secondary antibody. Virus infection was quantified by measuring the number of fluorescent cells. Filovirus GP-mediated infection was quantified 18 h post-VSV pseudotype inoculation by counting the number of GFP-expressing cells under a fluorescence microscope. The relative percentage of infectivity was calculated by setting the number of cells infected in the absence of MAb M224/1 to 100%. Animal studies were carried out in strict accordance with the Guidelines for Proper Conduct of Animal Experiments of the Science Council of Japan. The animal experiments were conducted in strict compliance with animal husbandry and welfare regulations. The mouse study was approved by the Hokkaido University Animal Care and Use Committee (permit no. 08-0235).
Expression cloning. A full-length cDNA library was prepared from Vero E6 cells (In-Fusion SMARTer directional cDNA library construction kit; Clontech Laboratories) and cloned into a murine leukemia virus (MLV)-based retroviral vector, pMX (39) . Plat-GP cells were cotransfected with pMX containing cDNA library genes and a VSV G-expressing plasmid using Lipofectamine 2000 (Invitrogen). Two days later, culture supernatants were collected and cleared of cell debris by centrifugation at 300 ϫ g for 5 min and by passing through 0.45-m-pore filters. The clean supernatant was then used for infection of Jurkat T cells at an MOI of 0.15, followed by incubation with MAb M224/1 for 1 h at 4°C. After washes with cold phosphate-buffered saline (PBS), the cells were incubated with anti-mouse IgG-Alexa Fluor 488 (A11029; Invitrogen), and positively stained cells were collected using a MoFlo Astrios cell sorter (Beckman Coulter). The collected cells were propagated until 1 ϫ 10 6 cells were obtained for the next cell sorting. These processes were repeated several times until a cluster of cells expressing the putative target molecule for MAb M224/1 was obtained. Finally, the genomic DNA was extracted from the sorted cell population, and library genes inserted into genomic DNA of the sorted cells were amplified by PCR using library-specific primers and then sequenced.
Generation of TIM-1-and DC-SIGN-expressing cell lines. Coding sequences of Vero E6 TIM-1 (DDBJ accession no. AB969733) and human DC-SIGN (GenBank accession no. NM021155) (12) were inserted into the MLV retroviral vector pMXs-IRES-GFP (pMXs-IG) (39) . To generate the retrovirus, Plat-GP cells were cotransfected with pMXs-IG encoding Vero E6 TIM-1, its IgV domain deletion mutant, or DC-SIGN cDNAs and an expression plasmid for VSV G using Lipofectamine 2000 (Invitrogen). Two days later, the retroviruses were collected in the culture supernatants, clarified through 0.45-m-pore filters, and then used to infect 293T and Jurkat T cells. Transduced GFP-positive cells were collected using a MoFlo Astrios cell sorter (Beckman Coulter) and used for experiments. Purification and fluorescence labeling of Ebola VLPs. Ebola viruslike particles (VLPs) were generated by transfection of 293T cells with the expression plasmids for EBOV VP40, NP, and GP using TransIT LT-1 (Mirus). The culture supernatant was harvested 48 h posttransfection and cleared of cell debris by centrifugation at 3,500 rpm for 15 min. VLPs were precipitated through a 30% sucrose cushion by centrifugation at 11,000 rpm for 1 h at 4°C using an SW28 rotor (Beckman Coulter). Pelleted VLPs were then resuspended in TNE buffer (10 mM Tris-HCl [pH 7.6], 100 mM NaCl, 1 mM EDTA) and fractionated through a 20 to 60% sucrose gradient in TNE buffer at 27,000 rpm for 2.5 h at 4°C using an SW40 rotor (Beckman Coulter). The membranes of purified VLPs were then labeled with a lipophilic tracer, 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindocarbocyanine perchlorate (DiI) (Invitrogen), by incubation of the VLPs with a 100 M solution of DiI in the dark for 1 h at room temperature with gentle agitation (15) .
Real-time imaging of the DiI-labeled VLPs in living cells. Parental Vero E6 cells and Vero E6 cells expressing GFP-Rab7 (15) were grown in 35-mm-diameter glass-bottom culture dishes (Matsunami Glass). Thirty minutes prior to the experiment, the cells were incubated with phenol red-free MEM (Invitrogen)-2% FBS-4% bovine serum albumin (BSA) containing either 50 g/ml MAb M224/1, 50 g/ml anti-TIM-1 polyclonal antibody (AF1750; R&D Systems), 20 mM NH 4 Cl, or 100 M 5-(N-ethyl-N-isopropyl) amiloride (EIPA), a macropinocytosis inhibitor. The cells were then incubated with DiI-labeled VLPs in the same medium in the presence or absence of the antibodies or inhibitors at room temperature for 30 min. The effect of the different temperatures (i.e., 4°C, room temperature, and 37°C) on the VLP attachment had been previously assessed in the same assay, and there were no appreciable difference in the total numbers of internalized VLPs across the conditions (15) . Unbound VLPs were removed by washing with medium, and finally the cells were incubated with or without antibodies or inhibitors for various times at 37°C. For the analysis of attachment of DiI-VLPs on the cell surface, cells were fixed in 4% paraformaldehyde (PFA) for 10 min at room temperature. Nuclei of cells were visualized by Hoechst 33342 staining (Cell Signaling Technology). The cells were analyzed using a Fluoview FV10i confocal laser scanning microscope (Olympus). For measurement of adsorbed DiI-VLPs on the cell surface, images of 8 to 10 optical sections were acquired in 1-m steps. The number of DiI signals was determined in 50 individual cells (approximately 1 to 10 dots/cell), and the average number per cell was calculated for each condition. The size and fluorescence intensity of DiI dots were analyzed in 50 individual cells with MetaMorph software (Molecular Devices).
Immunofluorescence assay. Vero E6 or 293T cells were fixed with 4% PFA for 15 min at room temperature and permeabilized with 0.05% Triton X-100 for 15 min. After being blocked with 1% BSA in PBS, the cells were stained with the goat anti-TIM-1 polyclonal antibody (AF1750; R&D Systems), a mouse anti-NPC1 MAb (ab55706; Abcam), or the control antibodies mouse IgG (557273; BD Biosciences) and goat IgG (731635; Beckman Coulter) for 1 h. Cells were washed 3 times with PBS and first stained with a donkey anti-goat IgG-Alexa Fluor 594 (A11058; Invitrogen). After being washed 3 times, cells were then stained with goat anti-mouse IgG-Alexa Fluor 488 (A11029; Invitrogen) and 4=,6-diamidino-2-phenylindole (DAPI) for 1 h. The cellular localization of TIM-1 and NPC1 was analyzed using an LSM 780 confocal microscope (Carl Zeiss) with ZEN 2009 software (Carl Zeiss). We confirmed that cross-reactivities of the fluorescent-labeled secondary antibodies to the respective primary antibodies were not appreciably detected, and nonspecific reaction of the secondary antibodies to cellular components was also minimal (data not shown).
Coimmunoprecipitation assay. The Vero E6-derived TIM-1 gene was C-terminally tagged with FLAG and inserted into a pCAGGS expression vector. The full-length cDNA encoding NPC1 (DDBJ accession no. AB971140) was amplified from total RNA extracted from 293T cells by reverse transcription-PCR (RT-PCR) with specific primer pairs, C-terminally tagged with hemagglutinin (HA), and cloned into the same expres- Their relative size and the intensity of DiI dots were determined by defining the value of untreated infected cells as 1. The mean of three independent experiments is shown. We confirmed that the control MAb (WZ83 59-6-1) had no significant effect on the membrane fusion activity (data not shown). Error bars represent SD. Statistical analysis was performed using Student's t test (*, P Ͻ 0.05; **, P Ͻ 0.01; N.S., not significant). 
RESULTS

Anti-TIM-1 MAb M224/1 blocks filovirus entry into Vero E6 cells.
To determine any potential receptor and/or coreceptor molecules required for filovirus entry, we first generated mouse MAbs against surface molecules of Vero E6 cells. Assessment of the antifiloviral activity of the MAbs by studying their ability to block the infectivity of VSV pseudotyped with EBOV GP (VSV⌬G-EBOV GP) identified MAb M224/1 (IgG1) as a potent entry inhibitor. Expression cloning using a Vero E6 cDNA library identified TIM-1 as the target molecule of MAb M224/1. TIM-1 consists of two domains: an N-terminal IgV domain that forms a PtdSer-binding pocket and a highly glycosylated mucin domain (42) (Fig. 1A) . MAb M224/1 recognized fulllength TIM-1 on 293T cells but not a mutant lacking its IgV domain (⌬IgV), indicating that the IgV domain is important for the interaction with MAb M224/1 (Fig. 1B) . Ectopic expression of this Vero E6 cell-derived TIM-1 in 293T cells, which naturally lack cell surface TIM-1 (26), dramatically enhanced susceptibility of cells to EBOV and VSV⌬G-EBOV GP infection, whereas only a limited effect was observed on infection with VSV bearing VSV G protein (VSV⌬G-VSV G) (Fig. 1C) . Interestingly, while expression of DC-SIGN led to productive EBOV and VSV⌬G-EBOV GP infection of Jurkat T cells that are poorly permissive for filovirus infections (6), expression of TIM-1 did not (Fig. 1D ). These observations were consistent with previous studies (7, 43) , suggesting that there might be a distinct mechanism underlying EBOV GP-mediated entry, depending on which attachment factor is used, TIM-1 or DC-SIGN.
Next, we investigated the ability of MAb M224/1 to inhibit infection and replication of representatives from all known filovirus species (Fig. 2A) . We observed that replication of all tested filoviruses was dramatically decreased in MAb M224/1-treated cells in a dose-dependent manner. Replication of VSV, which served as a control in this assay, was not substantially affected by MAb M224/1 ( Fig. 2A) , suggesting that this antibody has a filovirus-specific inhibitory effect. Notably, EBOV replication was reduced even when cells were treated with the M224/1 Fab fragment, suggesting that cross-linking by the entire IgG molecule is not required for the inhibitory activity of MAb M224/1 (Fig. 2B) . Filovirus GP-mediated entry analyzed using VSV⌬G-EBOV GP was also considerably inhibited by MAb M224/1 (Fig. 2C) . Treatment with a control MAb did not show any inhibitory effects, even at the highest concentration tested (100 M) (data not shown). These results indicated that this antibody blocked the entry step of filovirus infections (i.e., attachment, internalization, or membrane fusion).
M224/1 primarily inhibits viral membrane fusion rather than virus attachment. Since TIM-1 is proposed to serve as an attachment factor for filovirus infection, we first hypothesized that MAb M224/1 inhibits virus adsorption to cells by competing with the PtdSer-binding activity of TIM-1. To analyze this, we generated fluorescent (DiI)-labeled VLPs consisting of EBOV GP, VP40, and NP (44, 45) and compared the number of bound particles on cell surface in the presence and absence of MAb M224/1. Interestingly, we found that the number of VLPs attached to the surface of Vero E6 cells was only slightly decreased in the presence of MAb M224/1, whereas an anti-TIM-1 polyclonal antibody efficiently reduced VLP binding to cells (Fig. 3A) . Consistent with the reduced VLP attachment, a slight reduction of VLP internalization was observed in MAb M224/1-treated cells, whereas many fewer VLPs were detected in cells treated with 5-(N-ethyl-N-isopropyl) amiloride (EIPA), a macropinocytosis inhibitor (Fig. 3B) . Trypsinization of cells after 37°C incubation did not affect the number of visible VLPs (data not shown), confirming that the internalized VLPs, but not cell-surface-bound VLPs, were indeed counted in this assay. The number of VLPs internalized into untreated cells was similar to that measured for cells treated with NH 4 Cl, an inhibitor of endosomal acidification, confirming that VLPs detected under the assay conditions were likely in a prefusion state. We then analyzed membrane fusion by detection of dequenched DiI fluorescence (Fig. 3C to E) . In this assay, once the DiI-labeled VLP envelopes fuse with the endosomal membrane, the fluorescent signal is enhanced (15) . In Vero E6 cells expressing GFP-fused Rab7, a late endosome marker, we observed remarkably enlarged and enhanced VLP fusion signals (15) after cells were incubated with DiI-labeled VLPs for 5 h at 37°C, indicating that membrane fusion occurred in the endosomes (Fig. 3C, left  panels) . In contrast, the DiI signals in MAb M224/1-treated cells were considerably weaker than those in untreated cells and similar to those in NH 4 Cl-treated cells (Fig. 3C, middle and right panels) . Quantification of the size and intensity of the DiI fluorescent dots confirmed that their average size and intensity were reduced in MAb M224/1-treated cells compared to untreated cells ( Fig. 3D  and E) . These results suggest that MAb M224/1 primarily prevents membrane fusion. To confirm intracellular delivery of M224/1, Vero E6 cells and 293T cells transfected with a plasmid expressing TIM-1 were incubated with MAb M224/1 for 30 min on ice and subsequently incubated for 2 h at 37°C, and localization of the antibody was analyzed by confocal laser scanning microscopy. We found that cell-bound MAb M224/1 was indeed internalized into intracellular vesicles (Fig. 4) .
TIM-1 interacts with NPC1. It has been postulated that EBOV membrane fusion occurs in late endosomes and/or lysosomes following the interaction of GP with NPC1, an essential molecule for infection, as the fusion receptor (23) (24) (25) . The fact that anti-TIM-1 MAb M224/1 inhibited endosomal membrane fusion led us to hypothesize that TIM-1 might directly interact with NPC1. To confirm this, we first examined the localization of TIM-1 and NPC1 in Vero E6 cells. Consistent with a previous study showing that TIM-1 clusters mostly in the cytoplasm (46), our immunofluorescent assay demonstrated that TIM-1 localized mainly in the cytoplasm. As previously reported, NPC1 was primarily located in the endosomal and lysosomal membranes in Vero E6 cells. Notably, we found that TIM-1 and NPC1 were mostly colocalized in intracellular vesicles in the cytoplasm of Vero E6 cells (Fig. 5A ), while these proteins were also detected and colocalized in plasma membranes when they were overexpressed in 293T cells (Fig. 5B) . We next examined direct interaction between TIM-1 and NPC1 by an immunoprecipitation assay (Fig. 5C ). TIM-1-FLAG and NPC1-HA were expressed in 293T cells and immunoprecipitated using either anti-FLAG or anti-HA antibodies. We found that NPC1-HA was coprecipitated with TIM-1-FLAG captured by the anti-FLAG antibody. Vice versa, TIM-1-FLAG was coprecipitated with NPC1-HA bound by the anti-HA antibody. We further found that while TIM-1 localized in the plasma membrane and perinuclear vesicles in cells transfected with the plasmid, NPC1 was diffusely present in the cytoplasm when expressed alone but shifted to expression in perinuclear vesicles, depending on the presence of TIM-1 (Fig. 5B) . These results strongly suggested that TIM-1 directly bound to NPC1.
M224/1 inhibits the binding of TIM-1 to NPC1. To further characterize the intracellular interaction between TIM-1 and NPC1, a BiFC assay was performed. In this assay, TIM-1 and NPC1 were fused to two inactive fragments of mKG (Fig. 6A) , and the fluorescence of reconstructed mKG molecules accumulating in cells could be observed only upon complementation of the two molecules. We detected the fluorescence of mKG in 293T cells cotransfected with TIM-1-mKG(C) and NPC1-mKG(N) by flow cytometry, indicating that the direct binding between TIM-1 and NPC1 occurs intracellularly (Fig. 6B) . Furthermore, fluorescence microscopy showed that the fluorescence signal was mainly located in intracellular vesicles not on the cell surface (Fig. 6C) . Next, we investigated the effect of MAb M224/1 on intracellular interaction between TIM-1 and NPC1. We found that the mKG expression was remarkably decreased in MAb M224/1-treated cells and that the number of mKG-positive cells was reduced by the antibody treatment in a dose-dependent manner ( Fig. 6D and E) .
VLP-induced membrane fusion occurs in intracellular vesicles where TIM-1 and NPC1 colocalize and interact. Finally, we investigated the colocalization of TIM-1/NPC1 complex with intracellular vesicles (likely late endosomes/lysosomes) in which VLP-induced membrane fusion occurs. We found that the enhanced or enlarged DiI signals representing VLP-induced membrane fusion colocalized with the mKG signals, the sites of TIM-1/NPC1 interaction in endosomes (Fig. 7A) . We found that the TIM-1/NPC1 complex colocalized with endosomes/lysosomes but not Golgi compartments (Fig. 7B) . Interestingly, most of the enhanced or enlarged DiI signals representing VLP-induced membrane fusion were associated with mKG-positive cells, and only a limited number of DiI signals were found in mKG-negative cells (Fig. 7C ). This might be consistent with the observation that overexpression of TIM-1 enhanced virus infection, as shown in Fig. 2 , whereas it is also possible that membrane fusion between the VLP envelope and the endosomal membrane could occur more efficiently in cells where the TIM-1/NPC1 interaction takes place (mKG positive) than in mKG-negative cells. Taken together, these results implied that the interaction between TIM-1 and NPC1 was important for EBOV GP-mediated membrane fusion.
DISCUSSION
It is well established that filoviruses utilize multiple host cell molecules for attachment and entry into cells, but the molecular mechanisms underlying this process are not fully understood. While filovirus envelope GPs have been shown to mediate both receptor binding and fusion of the viral envelope with the host cell membrane, a bioinformatics approach previously identified TIM-1 as a GP-independent attachment factor promoting filovirus infection (26) (27) (28) (29) . Using a more classical approach to discover cell surface molecules serving as viral receptors, we also detected TIM-1 and demonstrated its important role in filovirus infection. However, the present study suggests that although TIM-1 promotes filovirus entry, the process is not as simple as just enhanced attachment of the virus particle to cell surface.
Although TIM-1 is mainly expressed on the plasma membrane, intracellular TIM-1 can be detected in early endosomes and lysosomes and has been shown to cycle dynamically to and from the cell surface (46) . Our data also show that TIM-1 is present in intracellular vesicles as well as on the cell surface. Importantly, we found that TIM-1 colocalized and directly interacted with NPC1 in endosomes where membrane fusion of Ebola VLPs occurred. Although NPC1 has been shown to be essential for GP-mediated membrane fusion in late endosomes/lysosomes during filovirus infection (23) (24) (25) 27) , the contribution of intracellular TIM-1 to a postattachment step remained unclear. Our data suggest that TIM-1 is involved not only in filovirus attachment but also in efficient membrane fusion through the interaction with NPC1. It appears that after internalization of TIM-1-captured virus particles via macropinocytosis, the binding of TIM-1 to NPC1 in late endosomes/lysosomes is required for GP-mediated membrane fusion (Fig. 8 ). This hypothesis is strongly supported by the fact that filovirus infection and EBOV GP-mediated membrane fusion in Vero E6 cells were considerably decreased in the presence of TIM-1-specific MAb M224/1, which interfered with the binding of TIM-1 to NPC1 in late endosomes/lysosomes.
The proposed model for EBOV entry into cells includes several steps: The first step is GP-dependent (e.g., C-type lectins) or -independent (e.g., TIM-1) virus attachment, which is then followed by the internalization of attached particles via macropinocytosis. Next, GP is cleaved in late endosomes by cysteine proteases, such as cathepsins, resulting in the exposure of the receptor-binding region and the final binding of GP to NPC1, triggering membrane fusion. Our results suggest an additional step in this process, the binding of TIM-1 to NPC1, which is important for membrane fusion. We hypothesize that TIM-1 may facilitate the binding of NPC1 to the receptor-binding region in GP by adjacently bridging the endosomal membrane and viral envelope. This event could be important for membrane fusion triggered by the conformational change in GP. Another possibility is that the interaction between TIM-1 and NPC1 directly initiates the conformational change in GP following the binding to NPC1, which then triggers membrane fusion.
However, it is known that filoviruses infect macrophages and dendritic cells, which do not express TIM-1. We hypothesize that previously identified attachment factors, such as the TAM (i.e., Tyro3, Axl, and Mer) receptor family, or yet unknown cellular molecule(s) may have the potential to function as fusion facilitators. Members of the TAM receptor family are expressed on the surfaces of macrophages and dendritic cells (47) and can indeed facilitate PtdSer-mediated virus uptake via indirect binding to PtdSer on the viral envelope (30, 48) . In addition, activated Axl was shown to be internalized by endocytosis and degraded in lysosomes (49) . Therefore, we propose that some other attachment factors may play a similar role in cells lacking TIM-1.
Under natural physiological conditions, the TIM-1 IgV domain recognizes PtdSer exposed on apoptotic cells and facilitates the clearance of these cells by phagocytosis (50, 51) . PtdSer is also present on the outer membrane of the viral envelope and facilitates virus attachment and uptake via a process known as apoptotic mimicry (27) (28) (29) . Our results demonstrated that the Fab fragment of MAb M224/1 recognizing the IgV domain in TIM-1 inhibited filovirus entry. Taken together, our data suggest that MAb M224/1 directly binds to the pivotal site of the IgV domain, which is important for the TIM-1 functions to promote filovirus entry (i.e., PtdSer recognition and interaction with NPC1). Notably, MAb M224/1 significantly prevented membrane fusion (approximately 80%), while its inhibitory effect on virus attachment was limited (30 to 40%), suggesting that the inhibition of membrane fusion is the principal mechanism of M224/1-mediated reduction of filovirus infections. Therefore, TIM-1 may be primarily involved in the EBOV GP-mediated membrane fusion process rather than virus attachment. We further demonstrated that MAb M224/1 interfered with the binding of TIM-1 to NPC1, suggesting that this novel interaction is likely required for filovirus membrane fusion and may serve as an attractive target for antiviral strategies. Thus, deciphering the detailed structures of the intermolecular interface between MAb M224/1 and TIM-1 or TIM-1 and NPC1 may provide new insights into the development of antivirals, such as low-molecular-weight compounds that can be universally used against filovirus infections.
